Over the last decades, human body metrics have been used to improve human-product interaction. Along this period, the use of 1D-measurements in "classic" ergonomic applications has been extended to consumer goods industries such as the automotive, apparel, furniture or orthopedic products. New technologies for the gathering, storage and analysis of anthropometric data have boosted the availability of digital anthropometric resources. Since 1999, more than 16 large-scale national 3D body scanning surveys have been conducted around the world (six in Europe). The availability of these data pools has created the opportunity to exploit shape information beyond today's 1D-measurement based use and methodologies. However, these data pools are dispersed and heterogeneous (e.g. different scanning technologies or different protocols) and, above all, the exploitation of 3D data at industry level requires knowledge, skills and resources beyond the means of companies, especially SMEs. These barriers have until now strongly limited the use of existing 3D shape data to scientific and academic research.
Introduction
Over the last decades different organizations and consortia have conducted over 30 large-scale national 'sizing surveys' across the world. Each of these scattered digital repositories contains 2.000-20.000 individual datasets. They gather data from more than 250.000 subjects altogether ( Figure 1 ). The number of digital anthropometry data (DAD) repositories thus is rising increasingly since the release of accurate 3D body scanning technologies in the mid of the nineties enabled the efficient collection of digital information on body shape [3] . These data are dissociated from any personal information, but are linked to socio-demographic information such as age, gender or bodyweight. There are two types of DAD repositories ( Figure 2 ):
• 3D body scan databases typically consist of sets of 1-4 dense meshes (500,000-800,000 points and 5-40MB each) representing the subject surface in different postures (e.g. sitting, standing).
• 1D measurement databases consist of sets of pre-defined measures of each subject. Recent databases are normally compliant with ISO8559 or ISO7250 [5, 6] . Measures can be either obtained manually (callipers and metric tape) or digitally extracted from 3D body scan databases. The use of human body metrics has become a significant source of product innovation and improvement to industries where consumer fit, comfort and ergonomic considerations are key factors. This is especially the case in fashion (e.g. footwear or apparel), health (e.g. orthotics or prosthetics), transport & aerospace (e.g. seats or human-machine interfaces), or safety (e.g. protective equipment or workstations) among others. The most widely used anthropometric information comes from aggregated statistics, which often are derived from non-representative or biased population groups (e.g. military). Advanced tools, such as parametric human models or DAD resource portals (e.g. iSize [1, 2] -https://portal.i-size.net) improved data access to designers and industrialists. However, all of them, in the best of the cases, are solely based on the analysis of 1D-measures. Although, today huge 3D information exists only 1D extracts are used because exploiting shape data is not trivial and in most application areas is not accessible to the product developers ( Figure 2 ). This fact entails important limitations inherent to the use of fragmented 1D-measurement datasets, namely:
• Serious information losses because the 500.000-point meshes are being compressed to less than 100 measures (i.e. lengths and girths). Shape information as base for fit optimization is lost.
• Limited reliability when linked to product development tools (e.g. 2D/3D CAD, CAM) because the use of 1D data may result in misleading 2D/3D shape interpretations.
• Limited to pre-defined measurement sets because even original application sectors (e.g. apparel ISO8559, or ergonomic design using limb reaches and envelopes ISO7250) may require additional information for optimal designs.
• Limited cross-data analysis of heterogeneous sources, since only similar measurements are comparable [7] .
Yet, 3D shape data remains an unexploited resource for industry. Latest research works on SHAPE ANALYSIS [4] have shown the possibility of reliably handling, combining and synthesizing huge amounts of 1D and 3D data in clever ways, to provide potentially useful information for product development .
3D raw scan databases >> 500.000 points per subject 1D measure databases < 100 manual measures per subject
Ready for 1D data analysis and exploitation 
The EUROFIT approach and concept
Enabling reliable and sustainable exploitation of 3D shape information removes the aforementioned limitations of anthropometric data limited to 1D use. It provides industrialists and designers with a new source of product innovation, improvement and differentiation. Further, it revalues existing 3D scan repositories, enabling database owners to obtain a greater value for the data, and incentivising its update and extension. Finally, it allows the creation of novel tools and services reusing the existing digital resources to exploit these into new unforeseen application fields.
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Sectorspecific use services Data Owners IT SME developers and maintainers Industry end-users The EUROFIT concept lies therefore upon the following pillars for an interactive, easy-to-use EUROFIT portal ( Figure 3 ):
• Linking and pooling existing anthropometric resources in a unified 3D anthropometric data portal providing a single point access to international body shape information derived from existing and forthcoming 3D body scan databases as well as from existing 1D-measurement databases.
• Launching dedicated services for the direct use of reliable 3D shape information by industry, providing sector-specific tools to introduce shape information into product design -e.g.; the optimal fit or functional adaptation of product shape; the extraction of new user-defined measures; the definition of statistically representative mannequins with interfaces to export 3D models to virtual prototyping software used in industrial design.
• Creating an open application framework promoting the extension and upgrade of any of the above features by third parties -such as the aggregation of new body part repositories (e.g. head, hand or feet) or the development of new supportive tools for the design of other products.
EUROFIT is a joint co-operation project partially funded by the European Community. It started in June 2012 and will conclude in May 2014. EUROFIT vision is to unleash the huge potential provided by the increasing number of databases of 3D body scans for the European consumer goods' industries ( Figure 4 ). EUROFIT gathers a complementary 6-partner consortium to implement the EUROFIT concept ( Table 1 ). The consortium gathers representatives from 4 Countries (Germany, Greece, Iceland and Spain). 
Figure 4: EUROFIT overall diagram illustrating concepts, architecture and S&T objectives
The project consortium was built in order to guarantee:
• The access to the required background knowledge/technology to be used as a baseline as well as the skills and resources to undertake the challenging RTD proposed work (Human Solutions GmbH, Instituto de Biomecánica de Valencia, Hypercliq EE);
• The access to different databases ,3D and 1D, to both test the developments and aggregate data to launch the EUROFIT portal (Human Solutions GmbH, Instituto de Biomecánica de Valencia, Hypercliq EE);
• The industrial capability to absorb the delivered tools, assure its acceptance and to carry out the demonstration activities (Össur hf -Orthotics, Iturri S.A -Personal Protection Equipment. and Rieder Moden -Fashion); Relevance of end-users in EUROFIT is to ensure that functionalities are market-driven, that early usability testing and development redressing of the portal during development.
Key Scientific and Technical objectives (S&T objectives) of EUROFIT project are summarized as follows ( Figure 4 ):
1. Maximize the number of databases available to end-users in garment and orthopedics sectors by utilizing both 3D shape data bases and 1D measurement data bases. 2. Create a common 3D homologous mesh structure with body part semantic information able to represent individual body shapes based on 30-70 anatomical references (from hereon called 'homodel'). 3. Implement a robust and automated method for creating individual homologous models (homodels) raw scan data coming from different 3D scan technologies. 4. Implement a robust and automated method for the statistical estimation of individual homologous body shapes from sets of existing 1D measurements. 5. Guarantee the usability of the portal by the customers' goods industries, in particular the garment and the orthopedic sectors, by providing use case specific services. 6. Extending the iSize international body measurement data portal to the 3D world and enabling the externalization of the database hosting and data processing through web-services.
Creation of harmonized 3D-shape databases
The EUROFIT portal will include body measurements, socio-demographic information (i.e. age, gender, and nationality) and 3D body shape information (i.e. 3D body representation in standing posture plus 30-200 body anatomical references) for analysis. Each database will be made up of these 3 types of data and will be constituted by a representative number of individual datasets. Data in the portal is structured by nationalities according as national measurement or scanning surveys are gathered. Body measurements included in the databases is at present a selection from the 99 measurements currently available at iSize (44 garment construction related measurements, according to ISO 8559 [5] , and 55 ergonomics-related measurements, according to ISO 7250 [6] ).
Homologous shape representation
3D body shape information in the databases includes a 3D representation of individual data in standing posture following a homologous mesh structure based on anatomical references. This homologous structure has point to point correspondence across the homodels (homologous models) of all the databases included in EUROFIT. . Its structure features an high local density providing (1) sufficient resolution for accurate representation of body shapes from 3D raw scan data (i.e. point to point average error below 0.5mm) and (2) light enough to follow multivariate analysis of larger target population selections (i.e. involving from hundreds to thousands individual homodels). This structure enables the association of anatomical references/landmarks to concrete vertices, the segmentation of the mesh into its different semantic parts, and the adoption of a virtual skeleton ( Figure 5 ).
Creation of individual homodels from 3D raw scan data
Creation of homologous representations from 3D scan data specifically with respect to the availability of different postures from various surveys requires a certain degree of standardization. The minimum technical requirements from a database to enable aggregation to EUROFIT are presented in Table 2 . Specifications for the data input surface
• Open or closed surface defining a human full body shape in standing posture.
• Any standard or custom format that specifies explicitly or implicitly the xyz coordinates of the vertices and surface normals at the vertices.
• Minimum number of 50,000 vertices uniformly distributed: minimum average distance between neighbours of 10 mm.
Additional information that must be provided together with surface data
• Survey general data:
• Date and locations of the data acquisition • Sample size and socio-demographic stratification.
• Minimum socio-demographic data per subject: Age, gender, country • Minimum complementary anthropometric per subject: Body weight.
• Specifications of the data acquisition system (hardware and surface reconstruction software):
technology, xyz resolution, surface reconstruction error The creation of the homologous representation from raw scan data consists of two phases: the preprocessing of the raw scan and the homodel creation. In order to enable flexibility in terms scan data input, maximizing the different scanning technologies that could be used as source data, two different convergent processes were followed in order to obtain the homologous representation: template-based method and subdivision-based method. Key advantages/drawbacks from both methods are related to pre-processing steps and input data that are required for following a fully automated homodel creation process.
3D scan data pre-processing
The pre-treatment process to be applied for locating common valid landmarks enables the direct applicability of template methods to scans obtained from different technologies and surveys. From perceiving 3D raw data up to the generation of a closed surface mesh representing the body surface geometry a sequence of pre-treatment steps are necessary. This includes e.g. scanning noise reduction, coordinate system & unit transformation, correction of disoriented face normal, reverse raw data reconstruction, footprint estimation, surface reconstruction, slit modeling, physical marker removal, etc.
Closed surface reconstruction and slit modeling enables reliable landmark identification on the body surface data. The surface reconstruction mechanism comprises generation of a watertight surface representation and closes holes caused by visual occlusions resulting from the sensor configuration or visual occlusions caused by the geometry of the body itself (area under the armpits and in the crotch area). The objective of the slit modeling is to create/recreate reasonable geometries in slit areas (e.g. in the armpits, the crotch), by remodeling these areas in a natural way. Figure 6 exemplarily illustrates an example of the slit modeling of the armpit area after closed surface reconstruction. To support landmark location different methods are commonly used in surface anthropometry surveys: (i) use of additional physical landmarks placed on the subject to create appropriate geometric information in the scan, (ii) interactive identification of landmark locations on the surface scan by a trained user or (iii) automated landmark location for an algorithmically sufficiently well-defined set of predefined landmarks. Specifically in the first case, physical landmarks produce additional geometric arte facts on the scan, which must be eliminated in the pre-treatment process by the physical marker removal (Figure 7 ).
Template-based creation of homodels
Template-based methods are based on fitting a template mesh equipped with a skeleton to the scan using a set of anatomical landmarks as main reference in the fitting process. This method requires that the raw scan has followed several of the aforementioned pre-treatment steps. In particular, after surface reconstruction, hole-filled areas (originally missing information) are identified to be treated differently during the fitting process in an alternative way.
This method consists of three main steps: template posing, template fitting and post-processing. Template posing is necessary to make the template adopt a posture as close as possible to the raw scan. In this process template joints are iteratively moved and bones are iteratively scaled until the template adopts a posture and volume that approximates the anatomical references of the template those of the pre-treated scan. Methods developed in the project for the template fitting are adaptations of the combination of the methods presented by Allen et al [8] , Amberg et al [9] and Liepa [10] . An image of the result of the fitting process is illustrated in Figure 8 . At the end of the Template fitting process, information about the quality of the homodel creation is registered at each vertex of the homodel as the distance from the vertex to the target surface of the pre-processed scan. The process developed guarantees an average error below 1mm on average on the homodel surface, and near zero in most of the surface. Two sample images of the heat map-like representation of the quality are provided in Figure 9 . 
Subdivision-based creation of homodels
Subdivision-based method is based on fitting the scan with a coarse mesh defined by anatomical references, which is progressively broken down into a finer mesh that fits the original scan shape. Subdivision-based methods [11] strongly takes into account semantic information of features already extracted on base of the 3D scan data and helps to reduce e.g. the posture adoption problem.
The structure or topology of the mesh is defined by means of this identified semantics on a low-resolution level. In order to achieve the final high-resolution homodel the mesh structure is successively subdivided and the created new vertexes are adapted to the actual geometrical shape of the individual 3D scan. Figure 10 illustrates the mesh creation and mesh refinement process.
The advantage of the method is to create homodel structures in different resolutions and refinements. In order to achieve structural compliance with the EUROFIT template mesh structure a conversion method between different homodel topologies originating from different sources has been developed. This further allows e.g. to overcome limitations concerning dimensionality (i.e. the resolution or number of triangles) of the homodels with respect to computability (e.g. PCA analysis) in a thorough way. 
Estimation of homodels from individual measurements
Most of the anthropometric databases available consist of collections of individual measurement sets. Since one of the main aims of EUROFIT is to maximize the number of databases available for 1D and 3D analyses a method for re-creating individual statistical body shapes from individual measurement sets was implemented. This method is enabled by the availability of a homologous model database.
The reconstruction is achieved in two steps: body shape approximation and body shape refinement. Body shape approximation is based on an adaptation of Allen et al [12] using data collected from 3D body scans and corresponding 1D measurements for creation of a reference database To solve the recreation problem we use Principal Components Analysis (PCA) to reduce data dimensionality. Body shape refinement is based on iterative measurement and search of the desired measurements. It is achieved by the application of a minimization method using gradient-descent methods [13] where the variables are the PCA scores minimizing the deviations from the desired measurements. In order to illustrate the results obtained by this method the 20 measurements of several women from the Spanish database that did not take part in 500 training set were used. Figure 11 shows the differences in the measurements obtained compared to the original sample women. As it can be observed, the differences in measurements after the approximation are below 2 cm and after the refinement are close to zero. Moreover physical resemblance of the body areas with measurements involved (i.e. trunk and legs) is very high.
Figure 11: a) sample of the recreation of 3D shapes from measurement sets, b) measurement comparison of the original samples with the re-created shapes (in mm)
The minimum requirements for the aggregation of measurement databases to EUROFIT portal are described in Table 2 . 
EUROFIT portal beyond iSize portal
The EUROFIT portal ( Figure 12 ) is built upon the commercial iSize portal and used as the experimental and prototyping platform for the integration of 3D shape functionality. iSize is at the same time the most comprehensive single repository of statistically representative 1D measurements that offers 1D interactive analysis for apparel. Sector-specific tools target three consumer product industries, dominated by SMEs, where reliable information about body shape can bring great benefits, stimulating innovations based on the improvement of product performance. In particular, Orthopedic products and Personal Protective Equipment (PPE) are functional products hence performance can be severely affected by inadequate fit or discomfort. Fit is essential to Fashion apparel, which will facilitate use of iSize services and rapidly aggregate demand by end-users. 
Decentralization of data and services
The EUROFIT-portal enables its upgrade and up-scale to new data and services adapted to the needs of data owners, developers and end-users. The main challenges related to its implementation were: (1) secure hosting of centralized and decentralized databases of homologous models, (2) enabling further development and integration of application-specific services to exploit the new 3D DAD resources, by defining and providing means and interface framework enabling innovative firms to create novel data analysis tools and services, or recombine the existing; and (3) reusing of existing 1D-based analyses functionality and to combined it with the new 3D analysis functionality and services. Thus, one basic approach for the EUROFIT portal architecture was to create a distributed system architecture and open framework development for a service oriented, distributed architecture implementation.
Decentralization of external data analysis services
In this scenario the data of a survey has been pre-processed and integrated to the central server. The 3D data is being represented in the central homodel data base. Functionality necessary (e.g. PCA exploration of the selected target group) is available on an external server. The principle process is shown in Figure 13 : Figure 13 : Access to functionality on a national server
In this scenario two approaches can be distinguished. In one case the external functionality delivers back a data object (e.g. a generated shape) for which the graphical representation then has to be handled by the EUROFIT server itself. In the second case, the external server provides its own GUI displayed in an Inline Frame in the EUROFIT end-user browser window. Further control flow is completely transferred to the external service and thus can provide inline is own control elements.
Decentralization of database hosting
External analysis functionality requires transfer of data from the central server to the service provider and data volumes transferred between distributed functional units are critical to the performance of the overall system design. 3D shape information is the primary data to be transferred within EUROFIT between the portal centrally hosting the population sample and an external service providing analysis functionality or vice versa.
The following table shows achievable compression rates based on the assumption, that a subset of 1000 individuals has been selected for an analysis to be applied to this data. In case this data has to be transferred the resulting volumes in different representations have been calculated, assuming (i) a scan represented by approx. 0.5 Mio. 3D points and (ii) the resulting data volume based on the homologous representation with approx. 50.000 triangles. Figure 14 illustrates, that a functionally distributed approach for the original scan data would result in a required data transfer volume of approx. 6 GB of data for a sample of 1000 subjects. Even in the case of transferring the homologous based representation this would result in a volume of 600 MB ( Figure  14 ). By applying the PCA based compression transferred data volumes can strongly be reduced depending on the degree of accuracy required as basis for the data analysis. In case of 100 eigenshapes the resulting data volume is approx. 60 MB (approx. 1% of the original data volume), for 50 eigenshapes this volumes is halved and for a 20 eigenshapes representation, the volume reduces to approx. 12 MB representing a percentage of 0.2% of the original volume, i.e. a compression rate by a factor of 500 is achieved.
Data analysis features
In order to analyze and use shape information from large samples of 3D homodels describing human body shape, complex analyses must be applied. Mesh deformation and principal component analysis (PCA) are the most common methods used in 3D body shape analysis. PCA is the most suitable since it provides with the statistical control required for applying results to engineering and design problems. PCA is a statistics-based method that enables to synthesize smartly high volumes of information [14, 15, 16] .
Shape data analyses
Methods for the conduction of fast online PCA were developed and optimized in the project as well as initial interfaces for the exploration (i.e. interactive navigation) and exploitation of combined 3D and 1D data (e.g. correlations of measurements with the principal components to support visual information). Figure 15 illustrates examples of the prototype tools developed.
Data Visualization: Three dimensional visualizations of selected body parts with statistical significance, such as e.g. 3D representation of the shape pertaining to the 5th percentile of the distribution of values of the given mode of variation or of combined modes of variation (PCs) help to understand the notion of the modes of variations. Figure 16 illustrates an example. Figure 16 : Screenshot of the web-service prototype implemented for the 3D navigable visualization of principal components for a female torso display different "shape"-percentiles
3D-enabled filters for shape data analyses
The Homodel posture may have an influence when conducting shape analysis of homodel data when using techniques such as PCA. This influence becomes more important if the analysis is conducted over a sample that includes homodels originating from different surveys or data pools, which scans were taken in slightly different standing postures. During shape analyses, different approaches can be followed in order to eliminate, reduce or mitigate the abovementioned influence in an automated or systematic way. The approaches that followed in the project to complement basic shape analyses based on PCA were: conducting automated slight posture corrections and segmenting body parts.
Homologous structure enables to make vertex or face selections by ID in a very simple way, and thus select the same region for a sample of homodels. Focusing body parts of interest for the product prior to the analysis, in order to eliminate posture noise caused by body parts, which are not directly related to the product to be developed. To this end two alternative strategies were followed. On the one hand a pre-defined body segmentation was implemented by dividing the homodel structure into 14 semantic body parts ( Figure  17 ). This strategy enables the user to select the body parts that are related to their product. Second strategy is to enable user-defined custom selections for special products that cannot be made by list selection (Figure 18 ).
Creation of statistical avatars / virtual mannequins
Creation of statistically valid avatars (e.g. average shape of a population group) is one of the main interests for the development of consumer goods products. While shape analyses methods can help product managers and designers to determine which shapes should be used as avatars representing for instance sizes, a parametric tool for the generation of statistical shapes was developed to create them using as input the body measurements (Figure 19 ). 
Conclusions and future work
The EUROFIT project follows a unified approach for handling and analysis of anthropometrical survey data originating from both, 3D surface anthropometry and 1D body measurement based data bases.
In the next project phase the appropriateness of the approach will be validated in cooperation with the industrial end-users integrated in the EUROFIT project. The use-cases include development of optimized sizing systems to specific target groups for PPE (personal protection equipment), 3D shape based fit optimization for orthotic products as well as optimized sizing systems for both off-the-rack garments and made-to-measure garments. The activities will mainly focus on user trials with the databases currently integrated and usability and possible extension and optimization of the developed functionality.
The developed and tools are foreseen to become commercially available in autumn next year and will enable designers and industrialists to draw useful 3D shape information and use it in their product development processes in an easy and direct way without loosing reference to their previous work mainly based on one-dimensional body measurement data.
